The anode properties of Nb-doped rutile TiO2 electrodes were investigated in an ionic liquid electrolyte comprised of N-methyl-N-propylpyrrolidinium cation and bis(fluorosulfonyl)amide anion for use in a safe Na-ion battery. Although the electrolyte's conductivity was lower than that of a conventional organic electrolyte at 30 o C, it showed high conductivity comparable to that of the organic electrolyte at 60 o C. The Nb-doped TiO2 electrode showed excellent cyclability in the ionic liquid electrolyte at 60 o C: a high capacity retention of 97% was observed even at the 350th cycle, which is comparable to value in the organic electrolyte (91%). In a non-flammability test in a closed system, no ignition was observed with the ionic liquid electrolyte even at 300 o C. These results indicate that combination of a Nb-doped TiO2 anode and ionic liquid electrolyte gives not only an excellent cyclability but also high safety for a Na-ion battery operating at a temperature below the sodium's melting point of 98 o C.
Introduction
Na-ion batteries (NIBs) are the most promising candidates for the near-term replacement of Li- ion batteries (LIBs) in stationary storage systems because sodium resources are nearly inexhaustible, available at much lower cost than lithium resources, and well-distributed geographically [1, 2] . Unlike batteries in portable electronic devices, stationary storage devices require a long-term cycle stability and a high safety rather than a high energy density. For largescale stationary battery, a sodium−sulfur battery [3] has been shown to offer the advantages of a low cost and a long charge-discharge cycle life. However, this battery requires a high operating temperature above 300 o C to achieve a sufficient ionic conductivity for its solid electrolyte consisting of Na-conductive β-alumina. At such a high temperature, molten sodium and sulfur are highly corrosive. Thus, although a sodium−sulfur battery has great advantages with respect to low cost, high capacity, and environmental friendliness, it still presents a safety issue. Therefore, for the development of a home storage battery, researchers have been interested in NIBs that operate below sodium's melting point of 98 o C, and have investigated various materials for their potential applications in the anode, cathode, and electrolyte [4] [5] [6] [7] [8] [9] .
The electrolyte strongly affects many of the performance characteristics of batteries. Compared to conventional organic electrolytes comprised of carbonate solvents, ionic liquid electrolytes have many interesting properties such as a wider electrochemical potential window, a better thermal stability, a non-volatility, and consequent non-flammability. If we wish to use ionic liquids as electrolytes in batteries, we should evaluate not only the electrolytes themselves but also cell performance when these electrolytes are used in combination with electrodes consisting of different materials. However, only a few studies have examined the combination of cathode 4 materials and ionic liquid electrolytes for use in a Na-ion battery [7, [10] [11] [12] [13] . In contrast, our group has reported that the use of some ionic liquid electrolytes with cations of pyrrolidinium or piperidinium can improve the anode properties not only for LIB electrodes based on Si [14] [15] [16] [17] [18] , but also for NIB electrodes consisting of P [19] and Sn−P [20] . On possible explanation for this result is that a uniform surface layer is formed on the electrodes because of their high electrochemical stability, and lithiation and sodiation occur over entire surface of the electrodes to suppress electrode disintegration [8] .
We have recently found that rutile-type TiO2 is a potential anode material for use in NIBs [21] .
Due to its low cost, high abundance, and ready availability, it is expected that TiO2 could be useful as an anode material in NIBs. We previously revealed that niobium (Nb)-doping in rutile TiO2 increased its electronic conductivity 1000-fold and improved NIB anode performance [21] .
However, we investigated this performance only in a conventional organic solvent. With respect to battery safety, its performance in an ionic liquid electrolyte would be very interesting. In this study, we studied the anode performance of a rutile TiO2 electrode in a pyrrolidinium-based ionic liquid electrolyte. We also focused on a method for evaluating the electrolyte's flammability, since this has never been standardized even though the evaluation conditions are extremely important.
We strongly believe that the flammability test should be standardized as soon as possible for the early application of NIBs. Thus, we evaluated the electrolyte's flammability by a new method which has been standardized and is much more accurate than conventional methods.
Experimental
As an active material powder, Nb-doped rutile TiO2 (Ti0.94Nb0.06O2) particles were synthesized by a typical sol-gel method. For the evaluation of NIB anode properties, Nb-doped TiO2 thickfilm electrodes were prepared by a gas-deposition (GD) method that did not include any binder or conductive material [22, 23] . The conditions for active material synthesis and electrode preparation were described in our previous paper [21] .
2032-type coin cells were assembled using a Nb-doped TiO2 electrode as the working electrode, a Na foil counter electrode, an electrolyte, and a glass fiber separator. As an ionic liquid electrolyte, The test procedures were explained in the previous paper [19] .
Results and Discussion Figure 1 shows the results of electric conductivity measurements for electrolytes consisting of NaFSA/Py13-FSA and NaFSA/PC. (Fig. S1) indicates that Na-ion diffusion in the electrolyte is one of the rate-determining steps in the electrode reaction. The enhanced conductivity of the electrolyte at the higher temperature probably increased the charge−discharge capacities. The most attractive advantage of an ionic liquid electrolyte is its non-flammability, which arises from the strong electrostatic interaction between the cation and anion and the resulting nonvolatility. Many researchers have extensively evaluated non-flammability by direct contact with a pilot flame [25] [26] [27] [28] [29] [30] [31] . This test is simple and observable. However, these flammability tests were performed under unstandardized conditions: the test conditions can differ dramatically such as with respect to amount of ionic liquid, the flame temperature, the distance between the ionic liquid and the flame, the duration of flame contact. Thus, it is impossible to compare these results. In addition, as a critical point, all of these flammability tests were performed in an open system [25] [26] [27] [28] [29] [30] [31] . The gas concentration of a thermally decomposed ionic liquid does not easily reach its combustion limit in an open system, which leads to an underestimation of its non-flammability.
Thus, we newly introduced a closed-system flammability test [19] and an international standardized condition. 
Conclusions
The electrochemical properties of a Nb-doped TiO2 electrode and NaFSA/Py13-FSA ionic liquid were investigated for use as an anode and electrolyte in a highly safe Na-ion battery. Conductivity measurements at 30 o C revealed that the value for NaFSA/Py13-FSA (4.95 mS cm −1 ) was lower than that for NaFSA/PC (8.55 mS cm −1 ). With an increase in temperature to 60 o C, the conductivity of ionic liquid electrolyte increased to 11.9 mS cm −1 , which is close to the value observed for NaFSA/PC (13.6 mS cm −1 contribute to the development of a safe Na-ion battery based on an ionic liquid electrolyte.
